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Background/Objectives: Later chronotype has been associated with poorer glycemic control in type 2
diabetes. It is unclear whether this is a direct relationship, or if personality factors or social jetlag ([SJL],
ie, chronic circadian misalignment reflecting the discrepancy between the entrained phase of the
circadian clock and socially-determined behavioural cycles) play a role. This study aimed to determine
the relationships among chronotype, SJL, personality factors and glycemic control in type 2 diabetes,
independently of sleep disturbances and daily caloric distribution.
Methods: In sum, 252 type 2 diabetes patients attending an annual review outpatients' clinic completed
questionnaires, including the Munich Chronotype Questionnaire to assess chronotype and SJL, the
Pittsburgh Sleep Quality index (PSQI), the Big Five Personality Inventory and the Center for Epidemio-
logic Studies Depression Scale. Chart review provided information on diabetes duration, Hemoglobin A1c
(HbA1c), body mass index (BMI) and other clinical variables. Caloric intake was assessed via 24-h dietary
recall.
Results: Hierarchical linear regression revealed that SJL, but not chronotype or personality factors, was a
significant predictor of HbA1c levels (b ¼ 0.16, p < 0.05). There was a significant relationship between
later chronotype and HbA1c levels, but only in patients who had more than 90 min SJL (r ¼ 0.51,
p ¼ 0.002). Younger age was associated with a higher HbA1c (r ¼ 0.23, p < 0.001), and this effect was
partially mediated through SJL (Pm ¼ 0.22).
Conclusions: We identify SJL as a novel factor that may impact on glycemic control in type 2 diabetes.
Further study is needed to determine whether interventions aimed at reducing SJL may lead to im-
provements in glycemic control.
© 2019 Elsevier B.V. All rights reserved.1. Introduction
Circadian clocks are fundamental to the daily temporal archi-
tecture of physiology and metabolism, with circadian rhythms (ie.
those with a period of near 24 h) emerging as products of an
endogenous biological timekeeping system [1]. Inter-individual
differences in circadian processes and entrainment phase mani-
fests behaviourally as differences in actual and/or preferred sleep
and wake time, referred to as chronotype [2,3]. Modern 24-hMaynooth University, County
n).society promotes activity and behaviours which may be mistimed
relative to the circadian cycle, resulting in misalignment between
‘internal’ biological time and ‘external’ social time. The potential
negative consequences of circadian misalignment on car-
diometabolic functioning are evident from studies of the associa-
tions of shift work (which results in significant circadian
misalignment) with increased risk and prevalence of type 2 dia-
betes [4,5] and obesity [6].
A prevalent form of circadian misalignment that arises as a
function of the conflicting interaction between intrinsic circadian
biology and social/work obligations is social jetlag (SJL). SJL has a
specific quantitative definition as the difference between the
midpoint of sleep time on “free” days (those days free from socially-
imposed influences on timing of sleep/wake, and therefore on
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and work days (on which sleep timing is more strongly shaped by
social imperatives) [7]. As such, SJL is partly a function of an in-
dividuals' chronotype which predicts approximately 50% of the
variation of SJL in young adults [8]. As modern society broadly fa-
vours morning orientation, later chronotype is associated with
greater degrees of SJL [8]. Furthermore, as chronotype is strongly
influenced by age (with late chronotype peaking in the early
twenties), SJL is most marked in late adolescence and early adult-
hood [2,8]. SJL has been proposed as a risk factor for a number of
pathologies and pathophysiological conditions, including type 2
diabetes [9,10] and elevated body mass index (BMI) [8,11].
A number of previous studies have examined chronotype and
disease outcomes in type 2 diabetes. Reutrakul et al. [12], reported
an association between later chronotype and Hemoglobin A1c
(HbA1c) levels in individuals with type 2 diabetes, independent of
other sleep and clinical variables. This association was partially
mediated by breakfast skipping [13]. Later chronotype and higher
HbA1c levels have also been associated in a prediabetes cohort [14],
indicating that metabolic dysregulation in these conditions may be
influenced by the phase of circadian entrainment in every-day life.
There is also a relationship between diurnal preference and BMI in
type 2 diabetes, which is partially mediated by timing of breakfast
[15]. Research on breakfast skipping and long-term metabolic
health continues to produce mixed results [16], with some reports
of strong associations between breakfast skipping and higher
postprandial hyperglycemia, resulting in higher HbA1c [17]. With
regards to SJL, an association between SJL, higher fasting glucose
and increased risk of obesity and resulting metabolic complications
has been identified among individuals with non-communicable
chronic disorders [18], although in type 2 diabetes one study
showed no relationship between SJL and HbA1c [12]. Parsons et al.,
reported that individuals belonging to the metabolically unhealthy
obese sub-group with higher SJL were more likely to have higher
HbA1c levels; however this association did not persist after con-
trolling for smoking and socioeconomic status [11]. SJL was re-
ported to be associated with higher HbA1c levels in a type 1
diabetes population [19], although another recent study found no
relationship between HbA1c and either SJL or chronotype in an
adolescent population with type 1 diabetes (SJL was however
associated with a requirement for insulin in this cohort [20]).
However, recent research failed to identify any association between
SJL or chronotype and measures of glycemia in adults with pre-
diabetes and recently diagnosed untreated type 2 diabetes [21].
From a behavioural/psychological perspective, the impact of
chronotype on (patho-) physiology may be mediated through its
relationship with various psychological domains [22]. Chronotype
is associated with personality factors, with evening orientation
associated with higher extraversion and openness, and morning
orientation associated with higher conscientiousness and agree-
ableness [22,23]. Conscientiousness may also be associated with
lower obesity and better self-care behaviours in patients with type
2 diabetes [24]; thus it is possible that the association of earlier
chronotype with better glycemic control could be mediated
through conscientiousness. While SJL is not wholly collinear with
chronotype, individuals with a later chronotypes are more likely to
have more SJL [8]; it is therefore possible that SJL is also associated
with these psychological domains. However, no clear understand-
ing of the possible direct relationship between SJL and personality
traits exists, although any association between SJL and glycemic
control may be understood from a behavioural perspective as the
result of numerous social and psychological factors influence dia-
betes management [25]. SJL and chronotype have been demon-
strated to have an impact on the amount of some food groups
consumed at different times of the day [26]. Furthermore, SJL mayinfluence food behaviour in a negative manner. Recent research
demonstrated an association between later meal times, poorer diet
and SJL [27]. Therefore, behaviours that SJL elicits could be crucial in
understanding its role glycemic control.
Given the preceding context indicating potential clinical signifi-
cance of the timing of sleep/wake behaviour in type 2 diabetes, we
set out to determine if chronotype and/or SJL were associated with
glycemic control independently of other sleep disturbances and
psychological domains in a cohort of adultswith type 2 diabetes.We
hypothesised that chronotype would be associated with glycemic
control, and that SJL and personality may partially mediate such an
association. The ultimate goal is to identify potential chronobio-
logical substrates that may be tractable for behavioural in-
terventions in the clinical management of type 2 diabetes.
2. Materials and methods
2.1. Participants
In total, 252 adult patients with type 2 diabetes attending the
outpatients annual review clinic at the Diabetes Centre, Connolly
Hospital Blanchardstown, Dublin (169 males and 83 females) were
recruited for this study. Sample size was estimated based on a
previous study in the area [12] and the sample size required for the
regression analysis anticipated prior to data collection. Guidelines
were followed and a recommended formula to calculate the mini-
mum sample required (N > 50 þ 8 m; where m is the number of
predictor variables) [28]. In our case 252 was greater than 138
[50 þ 8(11)] and also accounted for skew in HbA1c as the depen-
dent variable, even after log-transformation. Individuals attending
their scheduled appointment at the clinic were approached in the
waiting room. This clinic ran for 4e5 h every week and patients
were asked if they would like to participate upon arrival. If in-
dividuals were interested, they were screened to see if theymet the
inclusion and exclusion criteria and given an information leaflet.
The inclusion criteria were age of greater than 18, a diagnosis of
type 2 diabetes in the absence of serious diabetes complications
and medical co-morbidities, and an ability to provide informed
consent. Shift-workers were excluded. Mean patient age was 61.9
years (SD ¼ 10.5, range 31e87). Informed consent was obtained
from all participants and they were then provided with a ques-
tionnaire booklet and the dietary recall. Participants either filled
this out by themselves under the supervision of the researcher or
the researcher assisted them with the questionnaires. The study
was approved by the Research Ethics Committee of Connolly Hos-
pital and conformed to the Declaration of Helsinki.
2.2. Assessments
Participants' age, weight, BMI, duration of diabetes, current
medications, use of insulin and most recent HbA1c levels were
obtained from chart review. The participants attended a pre-
assessment clinic two weeks prior to their appointment which is
when the HbA1c is assessed. There was therefore a two-week lapse
between HbA1c determination and the date that questionnaires
were completed, an appropriate timeframe given that HbA1c is a
reliable indicator for blood glucose control over a three month
period. Participants completed one 24-h dietary recall by providing
a description of the content, and quantity of meals and snacks
consumed in the previous 24 h. They were asked to provide details
regarding portion sizes and ingredients and were encouraged to
provide brand names where possible. Caloric content was then
calculated for overall daily consumption and for meals which were
classed as breakfast, lunch, dinner or snacks. Online databases
(www.myfitnesspal.ie; www.nutracheck.co.uk) and restaurant and
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nutritional content. These databases have accurate caloric infor-
mation for standard measures of all generic foods and where spe-
cific examples and brands were not available the restaurant and
manufacturer websites provide accurate information.
The Munich Chronotype Questionnaire (MCTQ) [29] was used to
provide an estimate of participants' chronotype and SJL. This in-
strument asks participants to indicate their sleep and wake times
on both “work” and “free” days, allowing for the calculation of mid-
point of sleep (mid-sleep) on both types of day. Average sleep
duration over the course of a week was calculated using a formula
that weighted the amount of self-reported sleep on “work” and
“free” days [8]. Sleep duration on workdays was multiplied by the
number of workdays and added to sleep duration on free days
multiplied by the number of free days; this value was then divided
by 7 to get an average daily sleep duration [(SDw xWDþ SDf x FD)/
7] [8]. Mid-sleep on free days (the midpoint between sleep onset
and wake time), corrected for sleep debt accumulated during the
week, provided a measure of chronotype; sleep timing without
social constraint provides an indication of the underlying phase of
circadian entrainment (MSFsc) [29]. If sleep debt was present (ie, if
sleep duration is longer on a free day than a work day) the differ-
ence between sleep duration on a free day and the average weekly
sleep duration is calculated and divided by two; this was then
subtracted from the original mid-sleep free to account for sleep
debt [MSF e (SDf- SDweek)/2]. SJL was measured by subtracting
mid-sleep onworkdays frommid-sleep on free days and getting the
absolute difference [jMSF e MSWj] [7]. The number of work and
free days were also assessed through this instrument, as was
whether there was anymeaningful distinction between “work” and
“free” days for the participant.
The Centre for Epidemiologic Studies Depression (CES-D) scale
was used to assess depressive symptomatology and mood [30].
Participants were required to rate several statements regarding
their mood over the previous week from rarely/none of the time
(less than one day) to most/all of the time (5e7 days). Higher scores
indicate more depressive symptoms with 16 and above indicating
risk of clinical depression. The 44 item Big Five Personality Index
was used to assess the five major personality domains; extraver-
sion, agreeableness, conscientiousness, neuroticism and openness
[31]. This multidimensional personality inventory begins with the
statement “I see myself as someone who”, followed by 44 short
phrases that an individual rates on a five point Likert scale, where 1
corresponds to “disagree strongly” to 5 corresponding to “agree
strongly”. Each personality domain has a specified number of
questions which dictates its range in scores, extraversion and
neuroticism have eight questions meaning scores can range from 8
to 40, agreeableness and conscientiousness have nine questions
meaning scores can range from 9 to 45 and openness has ten
questions meaning scores can range from 10 to 50.
The Pittsburgh Sleep Quality Index (PSQI) [32] was used to
evaluate subjective sleep quality and disturbances over the previ-
ous month, with poor sleep quality indicated by a global score
greater than 5. The PSQI also gives seven component scores around
subjective sleep quality, sleep latency, sleep duration, habitual
sleep efficiency, sleep disturbances, use of sleeping medication and
daytime dysfunction. The Berlin Questionnaire was used to assess
the risk of obstructive sleep apnea (OSA) in participants without a
previous diagnosis, with participants categorised as low risk, high
risk, or having an existing OSA diagnosis [33].
2.3. Statistical analyses
For analysis of circadian variables MSFsc, average sleep
duration and SJL were decimalised (ie 7:30 became 7.5, 45 minbecame 0.75). Data was assessed for potential violations of the
assumptions of the general linear model. When assessing
normality, skewness and kurtosis values with a cut off of ± 2
were decided on, with values greater than ± 2 indicating a
substantial deviation from normality. Variables violating the
assumption of normality were transformed using the common
log transformation to reduce skewness and kurtosis and so
improve overall distribution. Log 10 HbA1c was used throughout.
Following transformation, if a variable was still displaying a large
deviation from the normal distribution, the correct non-
parametric analysis was conducted and results were reported
as median and interquartile range (IQR). To assess the relation-
ship between glycemic control and demographic, personality,
and dietary variables, Pearson product moment correlation was
carried out with common Log HbA1c. This was also carried out
with sleep and circadian variables except in the case of SJL,
average sleep duration and diabetes duration where Spearman's
rank order correlation was utilised. To assess any independent
association between chronotype and HbA1c beyond de-
mographic, personality and sleep variables a hierarchical multi-
ple regression was conducted using predictor variables identified
through previous univariate analysis (those with P < 0.1 for their
association with HbA1c), whilst ensuring that the assumptions of
multicollinearity, normality of distribution of residuals and ho-
moscedasticity were not violated. This analysis adjusted for the
demographic and mood variables already known to have an in-
fluence including age, sex, BMI, sleep apnea risk, insulin use, and
diabetes duration. Mediation and moderation analysis were
conducted using the PROCESS macro for SPSS [34]. For both
moderation and mediation bootstrapping was used with 1000
samples. With the PROCESS tool model 1 was used to conduct
simple moderation and model 4 was used to conduct simple
mediation. All statistical analysis was conducted using IBM SPSS
(V25, IBM Corporation) or JASP (V 0.9.1.0, https://jasp-stats.org/).
3. Results
Clinical and demographic characteristics of the 252 participants
are detailed in Table 1. A total of 62.2% of patients were obese, of
whom 25.5% had severe obesity (BMI 35 kg/m2), 32.7% were
overweight and 5.2% were normal weight. 16.3% of patients were
currently using insulin. Median diabetes duration was seven years
and median HbA1c level was 6.9% (52 mmol/mol). Analysis of
circadian variables showed that the average midsleep on free days
was 3:53 am while SJL displayed a large range (0e304 min;
median¼ 15min). Good subjective sleep quality was evident in 51%
(reflected by a global PSQI score of 5 or less). OSA risk was evident
in 50.4% of the population, while 2.4% reported a diagnosis; due to
the small number of people with an OSA diagnosis they were
grouped in with the individuals at high risk and OSA was analysed
as a dichotomous variable.
Correlation analysis of log transformed HbA1c and de-
mographic, dietary, personality and circadian and sleep variables
are displayed in Table 2. Higher HbA1c levels were associated with
more depressive symptoms, longer disease duration, higher BMI
and younger age. Total daily calories, or calories consumed at
breakfast, lunch and dinner, were not associated with HbA1c
levels (see Table 2). Higher HbA1c was associated with lower
conscientiousness (r ¼ 0.13, p ¼ 0.041) and higher neuroticism
(r ¼ 0.19, p ¼ 0.003) but did not show a significant relationship
with other personality variables. There were no statistically sig-
nificant associations between sleep quality or average sleep
duration and HbA1c levels. HbA1c and MSFsc were not signifi-
cantly correlated, although HbA1c was significantly positively
correlated with SJL (rho ¼ 0.23, p < 0.001).
Table 1
Demographic, clinical, sleep and personality descriptives for the study sample.
n ¼ 252
Clinical Parameters
Age (years) 61.85 ± 10.54
Male (n %) 169 (67.1)
BMI (kg/m2) 32.12 ± 5.37 n ¼ 251
Normal weight 13 (5.2%)
Overweight 82 (32.7%)
Obesity class I 92 (36.7%)
Obesity class II 64 (25.5%)
Duration of diabetes (years) 7 (4e11.5) n ¼ 232
</ ¼ 5 79 (34.1)
6e10 90 (38.8)
11e20 56 (24.1)
>20 7 (3.0)
Insulin use (n, %) 41 (16.3%) n ¼ 251
HbA1c (mmol/mol) 52 (46e62)
HbA1c (%) 6.9 (6.4e7.8)
CES-D Score 10.01 (9.31) n ¼ 240
Circadian Parameters
Corrected MidSleep (MSFsc) (h) 3.88 (1.26)
Absolute Social Jetlag (decimialised mins) 0.25 (0.00e0.95)
Sleep Parameters
Average sleep duration 7.62 (6.95e8.5)
Global sleep quality 5.99 (3.66) n ¼ 249
PSQI score > 5 122 (49%)
Sleep onset workdays 23.70 (1.50)
Sleep end workdays 7.33 (1.46)
Sleep onset freedays 00.09 (1.48)
Sleep end freedays 8.02 (1.66)
Sleep apnea risk (n %) 132 (52.8) n ¼ 250
Personality data n ¼ 244
Extraversion 25.33 (6.52)
Agreeableness 36.33 (5.74)
Conscientiousness 35.45 (6.80)
Neuroticism 21.63 (6.98)
Openness 32.28 (7.98)
Dietary Parameters n ¼ 157
Total daily calories 1321.89 (370.73)
Breakfast calories 332.76 (147.93)
Lunch Calories 319.57 (187.86)
Dinner Calories 472.43 (188.21)
Data are means ± SD (for normally distributed variables), median (25th percentile e
75th percentile; for variables violating the assumption of normality) or n (%)
(number of cases and the percentage that this is for categorical variables). BMI; Body
Mass Index, CES-D; Centre for Epidemiologic Studies Depression scale, PSQI; Pitts-
burgh sleep quality index, OSA; Obstructive sleep apnea.
Table 2
Correlation analysis of log HbA1c with clinical factors, personality factors and sleep
variables. All analyses are Pearson product moment correlations except for the
relationship between log 10 HbA1c and average sleep duration, social jetlag and
diabetes duration where Spearman's rho was utilised due to violations in the
assumption of normality.
r p-value
Clinical Parameters
Age 0.23*** 0.0003
BMI 0.18** 0.005
CES-D 0.22** 0.001
Diabetes Durationa 0.17* 0.01
Dietary Parameters
Total Daily Calories 0.02 0.86
Breakfast Calories 0.06 0.46
Lunch Calories 0.02 0.78
Dinner Calories 0.07 0.42
Personality Data
Neuroticism 0.19** 0.003
Conscientiousness 0.13* 0.04
Openness 0.03 0.67
Agreeableness 0.03 0.62
Extraversion 0.03 0.67
Sleep Parameters
MSFsc 0.11 0.09
SJLa 0.23*** 0.0003
Sleep Quality (PSQI) 0.03 0.61
Sleep Onset WD 0.05 0.39
Sleep End WD 0.06 0.33
Sleep Onset FD 0.12 0.06
Sleep End FD 0.14* 0.03
Average sleep durationa 0.08 0.23
Pearson r used correlation analysis.
BMI; Body Mass Index, CES-D; Centre for Epidemiologic Studies Depression scale,
PSQI; Pittsburgh sleep quality index, OSA; Obstructive sleep apnea. SJL ¼ Social
jetlag, WD ¼ Work Day, FD ¼ Free Day.
a Spearman rho correlation analysis.
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further assess the association between demographic and clinical
variables (sex, age, BMI, Berlin score, duration of diabetes, insulin
use and CES-D scores; model 1), personality variables (neuroticism
and conscientiousness; model 2), sleep and circadian variables (SJL,
MSFsc; model 3) and HbA1c levels (Table 3). Predictor variables
entered were those that showed a p < 0.10 in the preceding simple
regression analyses. Prior to conducting the multiple regression
analysis the association between SJL and MSFsc was assessed in
order to ensure that strong collinearity was not present, and aweak
correlation was observed (rho ¼ 0.267, p < 0.0005; Supplementary
Figure 1). Demographic variables explained 23.2% of the variance in
HbA1c, with age, duration of diabetes and insulin use being sig-
nificant predictors in model 1. Addition of neuroticism and
conscientiousness as predictors in block 2 did not significantly
change R2. Addition of SJL and MSFsc as a predictor in model 3
increased R2 to 0.257, with SJL (but not MSFsc) being a significant
predictor. Further, running separate regression models with either
SJL or MSFsc as the only predictor added in block 3 revealed the SJL,
but not MSFsc, was a significant predictor of HbA1c (data not
shown).To further probe the impact of SJL on HbA1c levels, four SJL
groups [those with zero SJL (N ¼ 114), those with low SJL (less than
30 min; N ¼ 57), those with moderate SJL (between 30 and 90 min;
N ¼ 46) and those with high SJL (more than 90 min; N ¼ 35)] were
constructed to test dose-response relationships between SJL and
HbA1c. There was a significant difference in HbA1c levels between
these SJL groups (F3,248 ¼ 5.7, p < 0.001), with Tukey post-hoc
analysis demonstrating that the group with SJL of 90 min or more
had higher HbA1c levels than those with no SJL (p < 0.001, Cohen's
d ¼ 0.815; Fig. 1). This effect persisted when MSFsc was included
as a covariate in an ANCOVA (F3, 247¼4.83, p¼ 0.003). Therewas no
difference between SJL groups in BMI (p ¼ 0.056), average sleep
duration (p ¼ 0.383), CES-D score (p ¼ 0.973), breakfast calories
(p ¼ 0.848) or total PSQI score (p ¼ 0.394; Fig. 1). Personality var-
iables did not vary significantly across SJL groups (supplementary
table 1). The high SJL group was significantly younger than the no
and low SJL groups (P < 0.001; supplementary table 1). The dura-
tion of diabetes differed between groups (p¼ 0.044); however after
Bonferroni adjusted pairwise comparisons no significant differ-
ences between groups remained. Since BMI displayed a p value
below 0.1 the relationship between SJL and BMI was analysed.
There was no correlation between BMI and SJL (rho ¼ 0.074,
p ¼ 0.245; Supplementary Figure 2). Further, SJL and BMI were not
correlated in any of the SJL groups.
To control for the potential confounding effect of age and dia-
betes duration, an ANCOVAwas run on HbA1c levels and SJL group,
with these two variables as covariates. The effect of SJL on HbA1c
persisted when controlling for age and diabetes duration
(p ¼ 0.022) with the high SJL group having a significantly higher
HbA1c than the no SJL group (p ¼ 0.012, Cohen's d ¼ 0.653).
Somewhat surprisingly, we observed an association between
Table 3
Relative contribution of each variable toward the variance in log of HbA1c.
Variable Model 1 Model 2 Model 3
R2 ¼ 0.23*** R2 ¼ 0.23 R2 ¼ 0.26*
b 95% CI b 95% CI b 95% CI
(1) Sex 0.02 0.14; 0.10 0.02 0.15; 0.10 0.02 0.15; 0.10
(1) Age 0.23** 0.36; 0.10 0.23** 0.36;0.10 0.17* 0.31;
0.03
(1) BMI 0.05 0.08; 0.18 0.04 0.09; 0.17 0.04 0.09; 0.17
(1) Berlin 0.04 0.09; 0.17 0.04 0.09; 0.17 0.01 0.12; 0.15
(1) Diabetes duration 0.14* 0.00; 0.27 0.14* 0.00; 0.28 0.13 0.00; 0.27
(1) Insulin use 0.31*** 0.44; 0.18 0.31*** 0.44; 0.18 0.32*** 0.45; 0.20
(1) CES-D 0.12 0.00; 0.25 0.10 0.06; 0.25 0.12 0.03; 0.28
(2) Conscientiousness 0.03 0.17; 0.10 0.00 0.14; 0.14
(2) Neuroticism 0.03 0.13; 0.18 0.02 0.13; 0.18
(3) SJL 0.16* 0.02; 0.29
(3) MSFsc 0.04 0.10; 0.17
Relative contribution of each variable toward the variance in log of HbA1c including Standardised Beta value 95% confidence interval (CI) for each variable. Analyses were
conducted with a hierarchical multiple regression model and all variables with a p-value < 0.10 when correlated with log HbA1c in the univariate analysis were included.
Model number at which entered is indicated for each predictor in parentheses.
***P < 0.001, **P < 0.01, *P < 0.05
Fig. 1. Boxplots illustrating scores for log HbA1c, BMI, Sleep Duration, CESD, Calories consumed at Breakfast and PSQI in groups with no SJL, SJL of less than 30 min, SJL of between
30 and 90 min and SJL of greater than 90 min. Statistical analysis with one way ANOVA, (P < 0.001 for HbA1c, P ¼ 0.056 for BMI; P ¼ 0.383 for sleep duration, P ¼ 0.973 for CES-D;
P ¼ 0.848 for breakfast calories; and P ¼ 0.394 for PSQI). *** denotes P < 0.001 pairwise post-hoc comparisons. n ¼ 252, except for BMI (n ¼ 251), CESD (n ¼ 240), Breakfast Calories
(n ¼ 157), PSQI (n ¼ 249).
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p < 0.001 for age vs. HbA1C). As younger age is also associated with
greater SJL, in our sample, we conducted amediation analysis of the
association of younger age with higher HbA1c levels, showing
that this relationship is partially mediated through SJL (22% of the
association between younger age and HbA1c levels was mediated
through SJL; Fig. 2).
Given previous descriptions of associations between HbA1c
and MSFsc values we performed further analysis to explore the
lack of such an association in our data, and examined the as-
sociation between HbA1c and MSFsc in the four SJL groups. We
conducted a moderation analysis of the relationship between
MSFsc and HbA1c, with SJL group as the moderator. This anal-
ysis showed that including the MSFsc x SJL group termincreased R2 by 0.043, and that this interaction was significant
(p ¼ 0.001). These results indicate that MSFsc is associated with
HbA1c levels, but only in the presence of high levels of SJL
(r ¼ 0.51, p ¼ 0.002 between MSFsc and HbA1c in participants
with more than 90 min SJL; Fig. 3); for the no, low, and mod-
erate SJL groups there was no association between MSFsc and
HbA1c levels. Notably, the range of the MSFsc in the four SJL
groups was broadly the same (Supplementary Figure 3). Further,
within the SJL>90 mins group, there was not a significant as-
sociation between SJL and HbA1c (r ¼ 0.232, p ¼ 0.179), nor
between SJL and MSFsc (r ¼ 0.266, p ¼ 0.123) suggesting that
the relationship between HbA1c and MSFsc in this group is not
simply due to those participants with later MSFsc also signifi-
cantly having more SJL.
Fig. 2. Relationship between SJL, Age and HbA1c. (A) Scatter plots illustrating the relationships between age and age at diagnosis with log HbA1c and SJL. ***P < 0.001. (B) Mediation
of the relationship of age and log HbA1c via SJL, which accounts for 22% of the relationship (Pm: percentage mediation). ab ¼ indirect effect, with 95% confidence interval in
parentheses.
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In the present cohort of adults with type 2 diabetes, SJL was
associatedwith glycemic control, independently of other predictors
(Table 3). Later chronotype was associated with higher HbA1c only
in participants with high levels of SJL, revealing a novel interaction
between these two factors (Fig. 3). The relationship between
chronotype and SJL that we report in this older adult cohort (mean
age 61 years) is considerably weaker than previously reported in
younger samples [8] suggesting that the majority of SJL in our
cohort is due to social factors and that the effects of SJL and chro-
notype are mostly non-colinear. Therefore, the interaction
observed between SJL and MSFsc in our cohort may be interpreted
as an interplay of social factors and circadian characteristics. Our
data provide support for the role of circadian misalignment in
glycemic control in type 2 diabetes. There is some divergence be-
tween the current results and previous work on chronotype and
glycemic control reporting an independent association between
later chronotype (but not SJL) with poorer glycemic control in
prediabetes and type 2 diabetes cohorts [12,14]. Identifying the
nature of the social factors that shape SJL may provide novel psy-
chosocial and psychoeducational targets to improve self-care in
type 2 diabetes.
Currently, it remains unclear how chronotype and/or SJL may
impact disease severity in type 2 diabetes. The relationship be-
tween the circadian clock and metabolism is likely to be bidirec-
tional, as clock-dependent gene expression can be modulated by
metabolic input, and metabolic functioning is profoundly affected
by the circadian clock [1]. It is possible that at the whole organism-
level, later chronotype is associated with greater potential internal
desynchrony in the distributed circadian system [35], which may
lead to systemic pressures that result in poorer glycemic control or
poorer response to medication in metabolic disease. Circadianmisalignment reduces glucose tolerance and insulin sensitivity and
increases levels of postprandial plasma glucose due to inadequate
pancreatic b-cell function [36e38]. Following eight days of forced
circadian misalignment, healthy participants displayed a pre-
diabetic state of postprandial glucose responses [36]. Mistimed
daytime sleep has been associatedwithmetabolic disruption due to
increased inflammation which may also explain how SJL may
impair glucose metabolism [37]. Acute circadian misalignment has
been associated with muscle-specific gene expression changes,
demonstrating the relationship between circadian disruption,
lower insulin-stimulated glucose disposal (a proxy measurement
for muscle insulin sensitivity), elevated fasting blood glucose and
free fatty acid levels [39]. Such changes may occur at the tissue and
circulating level, with previous work showing various human
plasma proteins involved in metabolic regulation being altered by
circadian misalignment [40,41].
In the present study sample most participants were overweight
or obese. However, patients with high SJL did not have higher BMI
than patients with no SJL (Fig. 1), and the association between SJL
and HbA1c was independent of BMI (see Table 3). A previously
reported association between chronotype and HbA1c in a type 2
diabetes sample was also independent of BMI [12]. No personality
variables were associated with HbA1c in our regression model,
suggesting that personality does not explain the associations be-
tween SJL or chronotype and glycemic control [12,14]. Further,
while poorer glycemic control was associatedwithmore depressive
symptoms as well as insulin use, these variables did not differ be-
tween SJL groups. A potentially important factor that may play a
role inmediating the relationship between SJL and glycemic control
is work-related stress; in a typical type 2 diabetes population there
will be individuals who are retired (who may have lower SJL due to
diminished work-related demands on their sleep/wake behav-
iours), and those that are employed (who may experience greater
Fig. 3. Relationships between logHbA1c and MSFsc for participants with zero, minimal, moderate and large social jetlag. The shaded area represents the 95% confidence interval of
the regression line. Analyses by Pearson correlation. (None n ¼ 114, less than 30 min n ¼ 57, 30e90 min n ¼ 46, greater than 90 min n ¼ 35), ***P < 0.0001.
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greater levels of stress related to the workplace, which in turn may
impact on disease severity [42]. However, there are also reports in
the literature that workplace psychosocial stress does not impact
on HbA1c levels in type 2 diabetes [43]. Future studies of SJL and
glycemic control should address this possible relationship to
address the question of whether SJL, in the context of glycemic
control in type 2 diabetes, is a proxy measure for psychosocial
stress, or is associated with poorer disease status independently of
stress.
Short sleep duration accompanied by circadian misalignment
may also be associated with decreased insulin sensitivity [44].
Further, as short sleep has consistently been reported as a risk
factor for type 2 diabetes [45], SJL may be an important ancillary
factor to consider in future studies of short sleep in type 2 diabetes.
SJL may also involve wakefulness in the chronological morning but
during individuals' biological night (eg, when individuals are awake
but melatonin levels are still elevated) [46] which may potentially
result in reduced insulin sensitivity and higher HbA1c. However, it
is important to note that average sleep duration in our study had no
relationship with HbA1c, suggesting that the effects we observed
were as a result of circadian misalignment rather than shortened
sleep (see Table 2). In experimental paradigms, oral glucose insulin
sensitivity, but not intravenous insulin sensitivity, returns to
baseline three days after the discontinuation of short sleep and
circadian disruption suggesting differential effects and the poten-
tial for reversibility [40] (although recent data has called into
question the efficacy of weekend “catch-up” sleep in ameliorating
the metabolic effects of short sleep during the working week [47]).A noteworthy and somewhat unexpected relationship between
age, SJL and HbA1c emerged in our study (see Fig. 2). Younger age
was associated with a higher HbA1c, mirroring recent reports
suggesting more severe disease in younger adults with type 2
diabetes [48]. The group with the highest SJL in our study was also
significantly younger than the individuals with no SJL. This finding
is perhaps unsurprising given age-related differences in social im-
peratives and chronotype (younger age is associated with later
mid-sleep). However, after controlling for age and years-since-
diagnosis, HbA1c was still higher in those with more than 90 min
SJL compared to those with no SJL. Further examination of the
relationship between SJL, age and HbA1c via mediation analysis
suggested that SJL may explain in the order of 20% of the effect of
age on HbA1c in our sample. As such, SJL may represent an
important topic of future research on disease outcomes in younger
type 2 diabetes patients (taking into account the aforementioned
caveats around potential roles for psychosocial stress). The medi-
ation by SJL we report is concordant with other recent research
which demonstrated that, for individuals 61 years of age or older,
no association between SJL and diabetes prevalence was evident,
but that individuals younger than 61 years of age who had more
than 1 h SJL had a higher prevalence of diabetes than individuals
with less than 1 h SJL [10].
4.1. Strengths and limitations
Whilst our study has strengths, including the replication of a
previously published approach with minor modification [12] in a
well-defined clinically-representative sample, there are important
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cross-sectional nature of our study, the associations described
should not be interpreted as causal. Our results suggest that SJL has
a negative effect on glycemic control, but it is also possible that
poor glycemic control influences SJL (although a mechanism for
such a directional effect is not immediately apparent, but could be
mediated through physiological sleep system changes due to
altered glycemia). Second, it must be noted that the sample size of
the participants in the group with the most SJL was smaller with
only 35 people so this must be considered when interpreting the
relationship observed here. Third, although our methodological
approach is well-validated and replicates the methodology used
previously, the measures of sleep, circadian, personality variables,
OSA risk and dietary recall are subjective and/or rely on self-report,
meaning that participants' memory and motivation play a big role.
Objective measures may reveal additional layers of complexity and
insight. Furthermore, the 24-h dietary recall may be biased via
socially desirable responding towards over-reporting of more
acceptable food choices. Further, calculating intake from a recall is
only an estimate as while the databases are good for providing
information on nutritional content, individuals may have different
opinions of what a small or medium portion is, which could in-
fluence caloric estimates. Fourth, precise detail on food timing is
required in future studies, with differences in intake on work and
free days controlled for with a longer food log incorporating
objective measures with time-stamps. This approach would in-
crease confidence that SJL effects are not mediated through meal-
timing and meal-content effects. Finally, we did not measure in-
formation on the participants work schedules beyond the number
of free and work days per week. Information associated with work
schedules including early work hours or late work evenings, and
perceived work stress and other sources of psychosocial stress
would be beneficial. Further analysis of other lifestyle factors,
including physical activity, medication compliance and weight
stability are required to examine if theymay be playing a role in the
relationship observed.
5. Conclusions
In summary, the results of our study demonstrate that greater
SJL is associated with poorer glycemic control in patients with type
2 diabetes. Furthermore, we found a strong association between a
later chronotype and poorer glycemic control in individuals with
SJL of 90 minutes or greater. Of further interest, our results
potentially suggest a greater deleterious effect of SJL on glycemic
control in younger patients, and therefore that circadian factors
may play a more important role in regulating metabolism in
younger than in older adults with type 2 diabetes. Interventional
studies to reduce SJL, particularly targeting younger individuals,
may provide evidence of a cost-effective, non-pharmacologic
intervention to improve type 2 diabetes disease management and
decrease the occurrence of debilitating diabetes complications.
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